While much data exist in the literature about how Neisseria meningitidis adheres to and invades human cells, its behavior inside the host cell is largely unknown. One of the essential meningococcal attributes for pathogenesis is the polysaccharide capsule, which has been shown to be important for bacterial survival in extracellular fluids. To investigate the role of the meningococcal capsule in intracellular survival, we used B1940, a serogroup B strain, and its isogenic derivatives, which lack either the capsule or both the capsule and the lipooligosaccharide outer core, to infect human phagocytic and nonphagocytic cells and monitor invasion and intracellular growth. Our data indicate that the capsule, which negatively affects bacterial adhesion and, consequently, entry, is, in contrast, fundamental for the intracellular survival of this microorganism. The results of in vitro assays suggest that an increased resistance to cationic antimicrobial peptides (CAMPs), important components of the host innate defense system against microbial infections, is a possible mechanism by which the capsule protects the meningococci in the intracellular environment. Indeed, unencapsulated bacteria were more susceptible than encapsulated bacteria to defensins, cathelicidins, protegrins, and polymyxin B, which has long been used as a model compound to define the mechanism of action of CAMPs. We also demonstrate that both the capsular genes (siaD and lipA) and those encoding an efflux pump involved in resistance to CAMPs (mtrCDE) were up-regulated during the intracellular phase of the infectious cycle.
Neisseria meningitidis (meningococcus) is a transitory colonizer of the nasopharynx that occasionally is responsible for life-threatening disease. It is divided into 13 serogroups based on the immunological specificities of its capsular polysaccharides. Of these, five serogroups (A, B, C, Y, and W135) are responsible for most of the diseases worldwide.
However, the meningococcal capsule plays contrasting roles in pathogenesis. On one hand, the antiphagocytic properties of the disease-associated capsules are essential for bacterial growth in the bloodstream, a prerequisite for septicemia and meningitis (13) . On the other hand, the expression of the capsular polysaccharide inhibits the colonization and invasion of the nasopharyngeal barrier by masking the meningococcal adhesins/invasins (10) .
The presence of the capsule depends on both the possession and expression of the genes for capsule biosynthesis, modification, and transport, which are located in regions A, B, and C of the cps locus, respectively (7), mapping within a putative island of horizontally transferred DNA (IHT-A1) (38) . In meningococcus-expressing capsules containing sialic acid (serogroups B, C, Y, and W135), region A comprises the genes siaA, siaB, and siaC, which are required for the synthesis of sialic acid, and the serogroup-specific gene siaD, encoding the polysialyltransferase. Capsular gene expression is regulated both by phase variation via slipped-strand mispairing or reversible insertion of mobile elements (10, 11) and at the transcriptional level. Indeed, there is evidence that capsule biosynthesis and assembly are down-regulated during the early stages of the infectious cycle to facilitate the adhesion to and invasion of the host cells (4) .
In this study, the role of the capsular polysaccharide during the later stages of an infection (i.e., the intracellular phase) has been investigated by using a cellular infection model. We found that the capsule is fundamental for the intracellular survival of this microorganism in both human phagocytic and nonphagocytic cells. This finding prompted us to investigate the mechanism(s) by which the capsule protects meningococci in the intracellular environment. In particular, the hypothesis that the capsule may enhance the resistance to cationic antimicrobial peptides (CAMPs) has been tested.
CAMPs are important components of the host innate defense system against microbial infections, constitutively produced by phagocytic cells and inducibly expressed by epithelial cells following exposure to bacterial determinants (12) . Based on structural features, CAMPs are classified into different categories: ␤-sheets stabilized by disulfide bonds, an amphipathic ␣-helix, loop structures with a single disulfide bond, cyclic peptides, and boat-like extended structures (12) . N. meningitidis, as well as other pathogens, utilizes multiple mechanisms to modulate the resistance to CAMPs, including the action of the MtrC-MtrD-MtrE efflux pump, lipid A modification, and the type IV pilin secretion system (41) . Although there is evidence that the capsular polysaccharide mediates the resistance of Klebsiella pneumoniae to CAMPs (3), this aspect has never been investigated in N. meningitidis.
MATERIALS AND METHODS
Bacterial strains and growth conditions. N. meningitidis strains have been reported previously (2, 6, 16, 25, 31, 32) . In particular, the origin, genotype, and phenotype of B1940 and its derivatives, the B1940 cps mutant, the B1940 siaD(ϪC) mutant, and the B1940 siaD(ϩC) mutant (where ϪC and ϩC indicate the deletion and insertion of a cytosine in a polycytidine repeat in the coding region of siaD, respectively), have been described previously (6, 10) . The B1940 cps mutant lacks both the capsule and the lipooligosaccharide (LOS) outer core. The B1940 siaD(ϪC) and B1940 siaD(ϩC) mutants lack the capsule but retain the LOS outer core due to frameshift mutations, a cytosine deletion and a cytosine insertion in a polycytidine repeat located in the coding region of the polysialyltransferase gene (siaD), respectively. MC58, H44/76, NGP165, BF65, 1000, NGE31, NGF26, and NGH15 are serogroup B strains. All meningococci were cultured in gonococcus (GC) broth or agar with 1% Polyvitox at 37°C in a 5% CO 2 incubator.
Adherence and invasion assays. N. meningitidis adherence and invasion assays were performed as described previously (1, 44) .
For standard invasion and intracellular viability assays, HeLa cells (ATCC CCL-2) were used. Several experiments were also repeated with HEp-2 cells (ATCC CCL-23) and Chang conjunctiva cells (ATCC CCL-20.2). It should be noted, however, that as a result of a well-known contamination event, HEp-2 (thought to be derived from an epidermoid carcinoma of the larynx) and Chang conjunctiva (thought to be derived from normal conjunctiva) cells present HeLa markers and have been established via HeLa cell contamination, as stated by the ATCC (http://www.atcc.com). These cells were grown in Dulbecco's modified Eagle medium (DMEM) with 10% fetal bovine serum and 2 mM L-glutamine. Invasion and intracellular viability assays were also done using THP-1 (ATCC TIB-202) and U-937 (ATCC CRL-1593.2) cell lines. These human monocyte cell lines were grown in RPMI 1640 medium supplemented with 2 mM L-glutamine and 10% fetal bovine serum and were differentiated to macrophages using 0.8 nM (for U937) or 8 nM (for THP-1) phorbol myristic acid for 3 to 5 days.
HeLa (or HEp-2 or Chang conjunctiva) cells were infected at a multiplicity of infection (MOI) of 50, while THP-1 and U-937 cells were infected at an MOI of 5 for 1 h, washed twice with phosphate-buffered saline to eliminate the majority of extracellular bacteria, exposed to gentamicin to kill remaining extracellular bacteria, and subsequently disrupted using saponin to release intracellular bacteria. Bacteria were plated, and CFU were counted the day after. Adherence was determined by omitting gentamicin treatment. When required, cells were reincubated in culture medium for various times after gentamicin treatment. Gentamicin treatment was performed at 100 g/ml, a concentration 10-fold above the MIC for 30 min. Cells were then washed extensively with phosphate-buffered saline to remove gentamicin and dead extracellular bacteria and then lysed or reincubated in medium. In some experiments, during reincubation, cells were washed and medium was changed every hour to avoid reinfection. All strains used in this study had comparable MICs of gentamicin and were equally insensitive to saponin. In most experiments with HeLa, HEp-2, or Chang conjunctiva cells, bacteria were centrifuged (60 ϫ g) onto cells to start the infection.
For dual infection/competition experiments, HeLa cells were coinfected with equal amounts of B1940 and B1940 siaD(ϪC) mutant bacteria at an MOI of 50. After 2, 4, or 6 h, HeLa cells were disrupted with saponin to release and count the number of intracellular bacteria by CFU method. The proportions of encapsulated and unencapsulated bacteria were determined by Wellcogen latex agglutination test for the direct detection of capsular antigen to N. meningitidis group B and Escherichia coli K1 (Abbott Murex, United Kingdom) on 100 randomly selected colonies.
Immunofluorescence analysis. HeLa cells were seeded onto glass coverslips, infected, and processed for immunofluorescence to distinguish extracellular and intracellular bacteria as described previously (10, 17) . Rabbit polyclonal anti-N. meningitidis antibody was obtained from ViroStat, while monoclonal H4A3 antiLamp1 was obtained from the Developmental Studies Hybridoma Bank at the University of Iowa. Primary and secondary antibodies diluted 1:500 were used. Specimens were viewed with a Zeiss LSM510 confocal microscope.
RNA procedures. Total RNAs were extracted from intracellular bacteria during the infection of HeLa cells or control bacteria grown in culture medium as described previously (22) .
The procedure for limited transcriptional analysis has been detailed previously (22, 25) . Briefly, a partial Sau3AI-restricted genomic library from serogroup B strain H44/76 was constructed. Individual clones were digested, and Southern blot analysis was performed using cDNA probes derived from intracellular bacteria after 8 h of infection of HeLa cells or control bacteria grown for 8 h in culture medium. This procedure detects mRNA species present in the initial population at a frequency of at least 1 in 200.
Semiquantitative analysis of the siaD, lipA, mtrD, and mtrE transcripts, normalized to 16S rRNA or rho mRNA, was performed by real-time reverse transcriptase (RT) PCR (RT-PCR). Total RNAs (1 g) from either intracellular bacteria or control bacteria grown without HeLa cells were reverse transcribed by using random hexamer (2.5 M) with Superscript RT (Invitrogen). About 0.1 to 1% of each RT reaction was used to run real-time PCR on a SmartCycler system (Cepheid) with SYBR green JumpStart Taq ReadyMix (Sigma-Aldrich) and the primer pairs 16Suniv-1/16S-r (specific for 16S rRNA; amplicon length, 185 bp), rho-f/rho-r (specific for rho; amplicon length, 110 bp), siaD-f/siaD-r (specific for siaD; amplicon length, 144 bp), lipA-f/lipA-r (specific for lipA; amplicon length, 196 bp), mtrC-f/mtrC-r (specific for mtrC; amplicon length, 120 bp), mtrD-f/mtrD-r (specific for mtrD; amplicon length, 114 bp), and mtrE-f/ mtrE-r (specific for mtrE; amplicon length, 124 bp) ( Table 1) . Real-time PCR samples were run in triplicate. The real-time PCR conditions were 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C for 35 cycles; detection of PCR products was performed at 83°C.
CAMP susceptibility assays. Polymyxin B, ␤-defensin 1, ␤-defensin 2, defensin HNP-1, and defensin HNP-2 were purchased from Sigma. Human cathelicidin LL-37 and murine cathelicidin-related peptides CRAMP and CRAMP-18 were purchased from Vinci-Biochem (Italy), and protegrin PG-1 was synthesized by PRIMM (Italy). To determine the MICs of CAMPs, meningococci (10 6 CFU ml Ϫ1 ) were inoculated in GC broth with 1% Polyvitox in the presence of CAMPs (0.125 to 1,024 g ml Ϫ1 ). Cultures were grown at 37°C with shaking for 18 h, and the optical density at 550 nm was then measured. Susceptibility assays testing the bactericidal effects of CAMPs were performed essentially as described previously (33) , with minor modifications. Briefly, meningococci were grown to mid-logarithmic phase (optical density at 550 nm of 0.6). The cultures were then diluted 1:100 in GC broth containing 1% Polyvitox, and 90 l of the diluted cultures was added to 96-well polypropylene microtiter wells containing 10 l of twofold serial CAMP dilutions (0.125 to 1,024 g ml Ϫ1 ). Incubations were carried out for 45 min at 37°C in a 5% CO 2 incubator. Finally, dilutions of bacteria from each well were plated onto GC medium with 1% Polyvitox to determine CFU. All assays were performed with triplicate samples. Statistical significance was determined by the Student t test.
RESULTS

Adherence to and invasion of nonphagocytic human cells.
We measured N. meningitidis adherence to and invasion of HeLa cells as previously described (1, 44) . Consistent with previous findings (28), encapsulated strain B1940 was about a hundredfold less adherent to cells than the isogenic B1940 cps mutant (Fig. 1A ) lacking both the capsule and the LOS outer core (see Fig. S1 in the supplemental material). The B1940 cps mutant was also more efficiently internalized, especially at early time points (Fig. 1A) . However, if bacteria were centrifuged onto cells to start infection, as previously described for Neisseria gonorrhoeae (1, 44), we observed, at maximum, a twofold difference between B1940 and the B1940 cps mutant (Fig. 1B) . Thus, the absence of a capsule gene complex region favored adherence and, indirectly, internalization. Similarly to what was shown for N. gonorrhoeae, invasion efficiency with centrifugation was similar to that without centrifugation, but it was obtained in a shorter time period (1, 44) . Therefore, all subsequent experiments on HeLa cells were done by initiating infection by centrifugation. These data were confirmed by immunofluorescence analysis using anti-N. meningitidis antibody before and after permeabilization to distinguish between adherent and intracellular bacteria (10, 17) (Fig. 2) . Indeed, immediately after gentamicin treatment (time zero), the B1940 cps mutant showed high adherence to cells, and only few bacteria were detected inside ( Fig. 2A) , while B1940 showed low adherence (Fig. 2B) . At longer time points (8 h) , it became more difficult to find intracellular bacteria for the B1940 cps mutant (data not shown), while most B1940 bacteria were actually intracellular (Fig. 2C) .
The ability of several encapsulated strains (MC58, H44/76, NGP165, BF65, 1000, NGE31, NGF26, and NGH15) to invade HeLa cells was also determined. All tested strains had very similar invasion efficiencies under these experimental conditions. All these experiments were repeated by using alternative cell lines, such as HEp-2 or Chang conjunctiva, with very similar results (data not shown).
Influence of capsulation on meningococcal survival in human cells. The capsule negatively affects meningococcal adhe- 
FIG. 2.
Immunofluorescence analysis of cells infected with the B1940 cps mutant or B1940. HeLa cells were infected with the B1940 cps mutant or B1940 as shown. Images were taken after gentamicin treatment for the B1940 cps mutant (A, AЈ, and AЉ) or after gentamicin treatment (B, BЈ, and BЉ) or 8 h after gentamicin treatment (C, CЈ, CЉ) for B1940. To distinguish between extracellular and intracellular bacteria, the anti-N. meningitidis antibody (␣-N. meningitidis) and its secondary antibody were used before (OUT) (A, B, and C) or after (IN ϩ OUT) (AЈ, BЈ, and CЈ) permeabilization of cells with saponin. The secondary antibody used before permeabilization was Cy5 conjugated, while the one used after permeabilization was fluorescein isothiocyanate conjugated. To detect a cellular marker, we used anti-Lamp1 followed by a tetramethyl rhodamine isothiocyanate-conjugated secondary antibody. Merged images of different channels are shown in AЉ, BЉ, and CЉ. Bars, 10 m.
sion to epithelial cells and subsequent internalization by masking surface-exposed adhesins, and capsule biosynthesis and assembly are down-regulated during the early stages of the infectious cycle (4).
Here, we monitored the entry, survival, and spread of H44/ 76, B1940, the B1940 cps mutant, and the B1940 siaD(ϪC) mutant (lacking the capsule but possessing the LOS outer core). After infection (started by centrifugation) and gentamicin treatment, HeLa cells were reincubated for various times at 37°C (Fig. 3A and B) . The different strains behaved similarly during the first 2 h after gentamicin treatment (Fig. 3A and B) . Indeed, the number of intracellular CFU decreased dramatically. The decrease was actually more pronounced for the B1940 siaD(ϪC) mutant, and more so for the B1940 cps mutant, suggesting that the absence of the capsule and/or the LOS outer core rendered these strains less resistant to intracellular degradation. At later time points, a remarkable difference in the behavior of the different strains was observed. Indeed, while the B1940 siaD(ϪC) and B1940 cps mutants were more degraded with time (Fig. 3B) , the number of CFU of the other two strains (H44/76 and B1940) increased up to 50-fold 8 h after gentamicin treatment (Fig. 3A and B) . Thus, the presence of an intact capsule seems to confer resistance to degradation to internalized bacteria. This finding is consistent with the results of a recent paper addressing the role of capsule in meningococcal survival/growth within HEp-2 and human brain microvascular endothelial cells (24) . We observed similar kinetics of infection (a drop in the number of intracellular bacteria 2 h after infection of HEp-2 cells) and rates of intracellular multiplication of the encapsulated strain. As in our study, in that study, unencapsulated bacteria failed to multiply within infected cells, although they were internalized much more efficiently than encapsulated bacteria, and, at variance with our results, they were not killed significantly more than the encap- 
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on October 15, 2017 by guest http://iai.asm.org/ sulated bacteria during the 2 h after gentamicin treatment. These discrepancies might be partially due to the fact that in that study, infection was not initiated by centrifugation. Noticeably, in our assays, the increase in the number of intracellular bacteria was accompanied by a proportional increase of infected HeLa cells as scored by immunofluorescence microscopy (Fig. 2C) . To avoid reinfection, cells were washed once every hour, and new medium was added. Even under these conditions, infected cells were increasing with time proportionally to intracellular bacteria. These data strongly suggest the spreading of the bacteria between HeLa cells.
Experiments of invasion and intracellular viability were also performed using differentiated THP-1 or U937 human monocyte cell lines (Fig. 3C and D) , with similar results. Indeed, in the first 3 h after gentamicin treatment, a decrease in the number of intracellular bacteria was observed for all strains challenging THP-1 cells (Fig. 3C and D) . At later time points (6 to 9 h), B1940 showed a marked increase in the number of intracellular bacteria compared to the value measured at time zero, namely, after gentamicin treatment. Such an increase was barely detectable for the B1940 siaD(ϪC) mutant, while the B1940 cps mutant was efficiently killed intracellularly ( Fig. 3C  and D) .
These data also demonstrate that in different human cell lines, including monocyte cell lines differentiated to macrophages, capsule and LOS outer core are important for intracellular survival. This conclusion was further supported by results of dual-infection/competition experiments that allowed a direct comparison of fitnesses of the encapsulated and unencapsulated strains. In these experiments, HeLa cells were coinfected with equal amounts of B1940 and the B1940 siaD(ϪC) mutant, and the proportions of the two strains were determined at different time points. After 2, 4, or 6 h, the percentage of unencapsulated meningococci was about 30, 15, and 5%, respectively, confirming the beneficial role of the capsule in the intracellular milieu.
Role of capsule in CAMP resistance. The intracellular degradation of internalized bacteria may be due to a multitude of mechanisms, including pH and oxidative stress, and the action of lytic enzymes and antimicrobial peptides. In theory, the presence of the capsule may interfere, directly or indirectly, with any of these mechanisms. In particular, there is evidence that the capsular polysaccharide mediates the resistance of K. pneumoniae to CAMPs (3). This finding prompted us to test the protective effect of the meningococcal capsule. Preliminarily, the susceptibility of encapsulated and unencapsulated strains to polymyxin B, a cyclic peptide, was assayed. This substance of microbial origin has been used as a model of CAMP because its permeabilizing action on the outer membrane of gram-negative bacteria is well established (43) . In survival experiments, meningococci were exposed for 45 min to different concentrations of polymyxin B; the number of viable bacteria was then determined. Our data confirmed the high levels of intrinsic resistance to polymyxin B previously observed in meningococci (41) and demonstrated that the absence of capsule rendered these bacteria significantly more sensitive to this antimicrobial substance (Fig. 4A) .
Sensitivity to human defensins of either epithelial (␤-defensin 1 and 2) or macrophagic (defensin HNP-1 and HNP-2) origin was then tested. Defensins are cationic/polar peptides with conserved trisulfide-disulfides linkages and a largely ␤-sheet structure (12) (see Fig. S2 in the supplemental material). All strains exhibited about 100% survival when exposed to defensin concentrations up to 256 g ml Ϫ1 (data not shown). However, at higher doses (512 g ml Ϫ1 ) the unencapsulated B1940 siaD(ϪC) and B1940 cps mutant strains were about 5-to 10-fold more sensitive than the encapsulated strain B1940 (Fig. 4B) . The small differences between the B1940 siaD(ϪC) and B1940 cps mutants were not statistically relevant, suggesting that the absence of capsule and not the absence of LOS outer core was responsible for the increased susceptibility to human defensins.
The scarce sensitivity of meningococci to defensins (MICs Ͼ 512 g ml Ϫ1 for all tested strains), consistent with data reported in the literature (27, 33, 41) , prompted us to investigate the effects of protegrins and cathelicidins, which are more effective against pathogenic neisseriae than defensins (27, 33, 41) .
Considerably smaller than defensins, protegrins are potent CAMPs isolated from porcine leukocytes, which, like tachyplesins (broad-spectrum antibiotic peptides of horseshoe crab hemocytes), contain two intramolecular cysteine disulfide bonds (14) (see Fig. S2 in the supplemental material). The results of our assays confirmed the higher susceptibility of meningococci to protegrin PG-1 than to defensins and confirmed the protective role of the capsule (Fig. 4C) . At doses of Ͼ8 g ml Ϫ1 , the B1940 siaD(ϪC) and B1940 cps mutants were Ͼ10-fold more sensitive than B1940, also suggesting that the integrity of LOS outer core does not affect the sensitivity to protegrins significantly. MICs of PG-1 were 16 g ml Ϫ1 for B1940 and 4 g ml Ϫ1 for both the B1940 siaD(ϪC) and B1940 cps mutants.
Cathelicidins are amphipathic ␣-helix peptides with a conserved N-terminal cathelin domain and a variable C-terminal antimicrobial domain. LL-37 (see Fig. S2 in the supplemental material) is the C-terminal part of the human cationic antimicrobial protein (hCAP-18) that is expressed mainly by neutrophils and epithelial cells. Our results confirmed the high sensitivity of meningococci to LL-37 (Fig. 4D) . The loss of capsulation resulted in a significant increase (about eightfold at concentrations of Ͼ4 g ml Ϫ1 ) of the bactericidal effect of LL-37. The absence of the LOS outer core further increased (about 10-fold at concentrations of Ͼ4 g ml Ϫ1 ) the susceptibility of unencapsulated strains to cathelicidin. The results of survival experiments were consistent with MICs of LL-37 for B1940 (about 16 g ml Ϫ1 ), the B1940 siaD(ϪC) mutant (8 g ml Ϫ1 ), and the B1940 cps (4 g ml Ϫ1 ) mutant. Similar results were obtained with CRAMP (Fig. 4E) , a murine cathelicidinrelated peptide (see Fig. S2 in the supplemental material), and CRAMP-18 (Fig. 4E) , a CRAMP-derived peptide exhibiting the same activity as the parental molecule (see Fig. S2 in the supplemental material). MICs of CRAMP were 256, 64, and 32 g ml Ϫ1 , respectively, for B1940, the B1940 siaD(ϪC) mutant, and the B1940 cps mutant. Thus, at variance with defensins and protegrins, sensitivity to cathelicidins was also affected by the presence of an intact LOS.
Transcriptional analysis of capsular genes and those encoding the MtrC-MtrD-MtrE efflux pump during the infectious cycle. In an attempt to identify meningococcal genes regulated in the intracellular environment, a limited transcriptional anal-ysis was performed by comparing cDNA from intracellular bacteria (after 8 h of infection of HeLa cells) and from bacteria grown for 8 h in culture medium. The strain used for this analysis was B1940. Several DNA sequences that were differently expressed were isolated. One of these sequences, a 1,148-bp Sau3AI fragment, corresponded to lipA, coding for a protein required for the proper translocation and surface expression of the lipidated (␣238)-linked polysialic acid capsule polymer (42) . This gene appeared to be up-regulated in bacteria extracted from the cytoplasm of HeLa cells. This finding was confirmed by results of real-time RT-PCR experiments that also demonstrated the up-regulation of siaD, coding for a polysialyltransferase involved in the biosynthesis of the (␣238)-polysialic acid capsule (Fig. 5A) . Levels of lipA-and siaD-specific transcripts were normalized to 16S rRNA levels. Normalization with 16S rRNA or rho mRNA, coding for a transcription termination factor subjected to autoregulation in gramnegative bacteria (15, 21) , gave very similar results (data not shown). These results demonstrated a three-to fourfold increase in the amounts of siaD-or lipA-specific transcripts in intracellular bacteria compared to control bacteria, indicating that the meningococci up-regulate the genetic loci for capsular polysaccharide biosynthesis, translocation, and surface expression during their permanence in the eukaryotic host cell. By using the same approach, transcript levels of the operon mtrCDE, coding for an efflux pump involved in CAMP resistance (41), were measured. The results of real-time RT-PCR experiments demonstrated that the mtrC-, mtrD-, or mtrEspecific transcripts were about fourfold more abundant in intracellular bacteria than in control bacteria (Fig. 5B) .
We reasoned that the up-regulation of siaD, lipA, and mtrCDE might have been triggered by bacteria sensing intracellular or secreted CAMPs. To verify this hypothesis, we tested the ability of CAMPs to up-regulate these genes. In one experiment, B1940 was grown in GC medium to late logarithmic phase; PG-1 (Fig. 6A) or LL-37 ( Fig. 6B) was then added at an MIC of 16 g ml Ϫ1 , and cultures were harvested 5 and 15 min later. The results of real-time RT-PCR experiments revealed a moderate increase (ranging between 1.5-and 2-fold) in mtrCDE transcript levels as a function of time, while lipA transcripts remained at a near-constant level. In another experiment, B1940 was grown in the presence of a sublethal concentration (4 or 8 g ml Ϫ1 ) of PG-1 (Fig. 6C) or LL-37 (Fig. 6D) to the late logarithmic phase. Under these growth FIG. 5 . Semiquantitative analysis of the siaD, lipA, mtrC, mtrD, and mtrE transcripts in intracellular meningococci. (A) Total RNAs were extracted from meningococci (strain B1940) after 8 h of infection of HeLa cells (intracellular) or control bacteria grown for 8 h in culture medium (DMEM). The amounts of siaD-and lipA-specific transcripts were determined by real-time RT-PCR. The scheme of the genomic region encoding capsular elements is reported above the panel. (B) Total RNAs were extracted as described above (A). The amounts of mtrC-, mtrD-, and mtrE-specific transcripts were determined by real-time RT-PCR. The genetic map of the mtrCDE operon and the regulatory gene mtrR is reported above the panel. In A and B, levels of lipA-, siaD-, mtrC-, mtrD-, and mtrE-specific transcripts were normalized to rho mRNA levels. Transcript levels in control bacteria are arbitrarily assumed to equal 1. Each real-time RT-PCR experiment was repeated five times (with triplicate samples) using distinct cDNA preparations, and means and standard deviations (bars) were determined. Asterisks mark statistically significant differences in transcript levels between intracellular and control bacteria (P value of Ͻ0.05).
conditions, in addition to a moderate increase (up to twofold) in mtrCDE transcript levels, an even more significant increase in the levels of lipA transcripts was observed with PG-1. Such an increase was less marked with LL-37. Altogether, these findings suggest that the up-regulation of the mtrCDE operon in the host cell environment might be directly promoted by the exposure of meningococci to CAMPs. In contrast, the upregulation of the capsular lipA gene, not detected during the short-term exposure to inhibitory PG-1 levels (Fig. 6A) , might be the consequence of a long-term adaptive response to the exposure to sublethal CAMP concentrations.
DISCUSSION
In this study, using in vitro infection assays with both phagocytic and nonphagocytic human cells, we confirm the negative The amounts of the specific transcripts were determined as described above. In A to D, levels of lipA-, mtrC-, mtrD-, and mtrE-specific transcripts were normalized to rho mRNA levels. Transcript levels in control bacteria are arbitrarily assumed to equal 1. Each real-time RT-PCR experiment was repeated three times (with triplicate samples) using distinct cDNA preparations, and means and standard deviations (bars) were determined. Asterisks mark statistically significant differences in transcript levels with respect to control samples (P value of Ͻ0.05).
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on October 15, 2017 by guest http://iai.asm.org/ influence of the capsule on meningococcal adhesion and internalization ( Fig. 1 and 2 ) (10, 45) . In addition, we provide evidence that the meningococcal capsule confers resistance to degradation in the intracellular environment (Fig. 3) . This finding was supported by results of dual infection/competition with encapsulated and unencapsulated strains and by expression data demonstrating that the genetic loci for capsular polysaccharide biosynthesis, translocation, and surface expression are up-regulated by intracellular bacteria (Fig. 5A) . These data are consistent with the results of a transcriptome analysis of N. meningitidis that revealed that capsular genes are transcriptionally induced after contact with epithelial (HeLa) cells (5), in contrast to the current concept of the role of the capsule and LOS outer core during the invasion of eukaryotic cells. One of the mechanisms by which the capsule may protect the meningococci in the intracellular environment is an increased resistance to CAMPs (Fig. 4) that kill gram-negative bacteria by destabilizing the inner and outer membranes (8, 18, 23, 39, 40, 46) . Mechanistically, the capsule may protect the bacteria by impairing the interaction of CAMPs with the surface, as shown in K. pneumoniae (3) . It should be noted, however, that with respect to K. pneumoniae, N. meningitidis exhibits higher levels of resistance to CAMPs, mostly due to the action of the MtrC-MtrD-MtrE efflux pump (27, 29, 33, 41) . In this study, we demonstrated that in addition to the capsular genes, the expression of the mtrCDE operon is up-regulated in the host cell environment (Fig. 5B) . The up-regulation of these genetic determinants represents an aspect of the global change in the gene expression pattern following the entry of the bacteria into the hostile environment of the eukaryotic cell. The meningococcal adaptive response might account for the increase in the number of viable intracellular bacteria after the initial decrease during the first 2 to 3 h (Fig. 3) .
The up-regulation of the mtrCDE operon in the host cell environment might be, at least in part, directly triggered by the exposure of meningococci to intracellular or secreted CAMPs (Fig. 6) . The underlying molecular mechanism is currently unknown. It is noteworthy that two structurally unrelated CAMPs, PG-1 and LL-37, elicit the same effects on mtrCDE transcript levels and that these effects could be detected only at CAMP concentrations close to the MIC. These findings make the hypothesis that up-regulation might be promoted by sensing specifically host-produced CAMPs unlikely, suggesting that perturbation of the bacterial inner and/or outer membrane may be the signal that mediates the phenomenon.
Transcription regulation of the mtrCDE operon has been investigated in gonococci and meningococci. In N. gonorrhoeae, the MtrR repressor (whose gene is located upstream of the mtrCDE operon and is transcribed in the opposite direction) negatively regulates the expression of the mtrCDE operon (9, 26) . In addition, the inducible mtrCDE-dependent resistance to hydrophobic agents requires the action of the AraC-like protein MtrA (29) . In N. meningitidis, regulation of mtrCDE is out of these schemes because of nonsense or missense mutations in mtrR that abrogate MtrR function in all tested strains (30) . In addition, the presence of a nemis (Neisseria miniature insertion sequence, or Correia element) in the promoter region of the mtrCDE operon (Fig. 5B) is a typical feature of meningococci. The nemis contains an integration host factor binding site, whose deletion increases mtrCDE transcription (30) , and is targeted, at the level of RNA, by RNase III, whose cleavage has been proposed to stabilize the transcript (19, 30) . Notably, in E. coli, RNase III fractionates predominantly with the inner membrane (20, (34) (35) (36) , providing a plausible explanation for the effects of the exposure to innermembrane-destabilizing agents such as CAMPs on mtrCDE transcript levels. In this context, it would be intriguing to investigate the intracellular location of RNase III under different growth conditions and the role of RNase III, a possible global regulator in Neisseria that is essential for virulence in the infant rat model (19, 37) , in mtrCDE up-regulation during the permanence of meningococci in infected cells.
